The 'respiratory burst' of phagocytes such as neutrophils generates superoxide which forms H202 by dismutation. H202 and C1-ions serve as substrates for the enzyme myeloperoxidase to generate hypochlorous acid (HOCI). HOCI is thought to play an important role in bacterial killing, but its mechanism of action is not well characterized. Furthermore, although many studies in vitro have shown HOCI to be a damaging oxidant with little or no specificity (particularly at high concentrations), bacteria which have been ingested by phagocytes appear to experience a rapid and selective inhibition of cell division. Bacterial membrane disruption, protein degradation, and inhibition of protein synthesis, do not seem to occur in the early phases of phagocyte action. We have now found that low concentrations of HOCI exert a rapid and selective inhibition of bacterial growth and cell division, which can be blocked by taurine or amino acids.
INTRODUCTION
Phagocytic cells (neutrophils, monocytes, macrophages) play a primary role in the body's defence against bacterial infection [1] [2] [3] [4] [5] [6] . Stimulated phagocytes engulf invading organisms and expose them to a series of oxygen radicals, related oxidants, and lytic enzymes. The primary oxygen radical generated by phagocytes is superoxide, which rapidly dismutates to form hydrogen peroxide (H202). Myeloperoxidase (MPO) then uses H202 to oxidize Cl-ions to hypochlorous acid (HOCI) [4] . Although it is generally believed that oxidants such as HOCI and H202 function synergistically with lytic enzymes in bacterial killing, no clear role for these oxidants has been defined [2, 3, 5] .
Both HOCI and H202 are bactericidal in vitro [1, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Since HOCI has a significantly higher oxidizing potential than H202 (Eo for HCI is 1.63, whereas Eo for H202 is 0.8 when considering one-electron reactions in protic media [17, 18] ), and is also a stronger germicidal agent [12, 19] it is tempting to conclude that H202 (and superoxide) are generated merely as precursors of HOCI. Indeed, Klebanoff [10] has shown that MPO can potentiate the bactericidal activity of H202 in vitro. Interest in the role of HOCI in vivo was heightened by the work of Harrison & Schultz [4] . Using a system in which Millipore filters were impregnated with MPO, they were able to demonstrate oxidation of Cl-by H202 and quantitate production of HOCI. A paradox is presented, however, by the description of a group of individuals who, while clinically not afflicted by serious bacterial infections, have phagocytes deficient in MPO [20] [21] [22] [23] . Thus, questions remain about the participation of HOCI in bacterial killing in vivo.
HOCI is generally considered to be a highly destructive, non-selective oxidant which reacts avidly with all biomolecules. Observations that HOCI can oxidize nucleotides [24] , activate latent enzymes [25] , or inactivate enzymes [26, 27] and electron transport systems [16] , disrupt basement membranes [28] or cell membranes [29] [30] [31] , and fragment proteins [32, Vol. 254 may involve both main-chain scission and side-chain scission by mechanisms which differ from peptide hydrolysis. In contrast, the term 'protein degradation' refers to peptide-bond hydrolysis by proteolytic enzymes) have led to proposals that these effects might underlie the bactericidal activity of HOCI. Importantly, however, Elsbach et al. [33] have shown that loss of cell division in neutrophil-ingested Escherichia coli occurs earlier than does inhibition of protein synthesis, and without concurrent protein degradation or membrane disruption. The image of HOCI as a non-selective, widely destructive agent appears to conflict, then, with the specific inhibition of bacterial cell division observed in phagocytes.
A specific oxidation of E. coli sulphydryls by HOCI was first reported by Thomas [14, 15] . Rosen & Klebanoff later noted oxidation of bacterial iron-sulphur centres by the MPO-halide system preceding loss of cell viability [34] . The mechanism through which such oxidations contributed to cell death remained undetermined, however. More recently, Albrich et al. have suggested a specific attack of HOCl on the cell envelope, associated with loss of certain transport functions [35] . The series of experiments reported here test the ability of HOCl and H202 to inhibit bacterial growth selectively, with effects consistent with those observed in phagocytes. While comparing the relative potencies of the two oxidants as bactericidal agents, we evaluated their effects on cellular functions considered essential for growth and division.
A preliminary report of this work has been published [36] .
MATERIALS AND METHODS
E. coli strain RM312, a prototrophic derivative of the W3110 strain of E. coli K-12 [37] , was used in all experiments. E. coli were grown by overnight culture in M-9 minimal medium plus glucose (2 g/l), supplemented with 1 mM-MgSO4 and 0.1 mM-CaCl2 [38] . For each experiment, cells were subcultured in M-9 minimal medium plus glucose to exponential growth phase. Reagent Protein degradation and membrane integrity were evaluated in pre-labelled cells. E. coli (5 x 108 cells/ml) were labelled by incorporation of [3H]leucine (0.09 ,uCi/ ml) in a pulse-chase procedure similar to that reported by Mosteller et al. [37] . Incorporation was conducted for 3 h (37°C), after which cells were washed three times by centrifugation in M-9 minimal medium plus glucose with 75 jig of cold leucine/ml. Samples (1 ml) were treated with HOCI or H202 (37°C for I h). Metabolism was stopped by placing samples in an ice-water bath.
Protein degradation was assessed by counting radioactivity released from cellular proteins in acid-soluble form after cell lysis with trichloroacetic acid. Watersoluble counts released by (centrifuged) intact cells, as well as the percentage of such counts which were also acid-soluble, served as indices of membrane disruption.
The effect of HOCI on DNA synthesis was studied in both RM3 12 (Fig. 1 ).
Following incubation with as little as 50 ,/M-HOCI, E. coli survival was only 7.85 %, in marked contrast to 78.2 % survival following the same dose of H202. Even after treatment with 500 /SM-H202, 31 .60 of the cells were still able to form colonies.
The inhibitory effect of HOCI on E. coli growth occurred rapidly (Fig. 2a) . Measurements of the lightscattering properties of E. coli suspensions (595 nm) revealed 1000% inhibition of growth by 50 jtM-HOCI within 5 min. A lower cell concentration was used in Fig. 2 than that employed for the experiments of Fig. I (108 cells/ml instead of 5 x 108 cells/ml) in an attempt to maximize the bactericidal effect of H202' The difference in bactericidal potency of HOCI and H202 was again apparent, however, since 5O0/M-H202 inhibited growth by < 200 within 5 min and < 700 within 30 min (Fig.  2b) . The results in Fig. 2(b) (Fig. 4) . Again, the potency of HOCI was several-fold greater than that of H202. From our results (Fig. 5) , however, it appears that inhibition of protein synthesis may lag behind inhibition of cell growth (Figs. 2 and 3 ). Protein synthesis was inhibited by 10% within 5 min, in contrast to 100 % inhibition of growth by 50 1sM-HOCl within 5 min (Fig.  2a) . The inhibitory effect on protein synthesis was maximal only after 20 min exposure to HOC1. (Figs. 2 and 3 ), indicating that cell death occurred without gross disruption of the membrane. These data, in conjunction with studies using pre-labelled E. coli (Fig. 6 Table 2 are consistent with earlier findings.
DISCUSSION
Stimulation of phagocytes by bacteria leads to an increased 02 consumption and release of superoxide and related products of oxygen reduction [1] [2] [3] . The action of these oxidants, in conjunction with the lytic enzymes released from granules, culminates in bacterial death. Studies of patients with chronic granulomatous disease emphasize the importance of oxygen metabolites in bacterial killing. Phagocytes from these patients, which are unable to form superoxide and subsequent oxidants, cannot kill catalase-positive bacteria . The mechanism by which the reactive oxygen products kill bacteria has not previously been determined [2, 3, 5] . The present results suggest that phagocytes may utilize HOCI as a bacteriostatic agent. The bacteriostatic effect of HOCI may derive from the ability of this oxidant to inhibit DNA synthesis. Partial inhibition of protein synthesis by HOCI may also be important in decreased bacterial growth and division.
The bactericidal activity of H202 in vitro is clearly potentiated by MPO plus a halide [10] . Interest in the bactericidal properties of HOCI was stimulated by Harrison & Schultz's demonstration that myeloperoxidase catalyses the oxidation of chloride ions; HO2 + Cl-mpo HOCI [4] . Our finding that 50/uM-HOCI is highly bactericidal echoes the results of McRipley & Sbarra [9] and Klebanoff [10] in which the addition of a lysate of neutrophil granules, or MPO, increased the bactericidal activity of 50 ,tM-H202 to 990. The present results indicate that low concentrations of HOCI can exert a selective inhibition of bacterial growth and division. No gross structural damage was associated with this bactericidal activity, and intracellular protein was not appreciably degraded or fragmented. Even protein synthesis appeared to be inhibited indirectly. Our data do not allow, however, complete discrimination between a primary inhibition of protein synthesis and an indirect effect following inhibition of cell division. Other oxidants have been shown to inhibit protein synthesis [39] . While HOCI inhibited E. coli protein synthesis by only 10 % within 5 min, it is conceivable that the proteins involved are crucial for cell growth, and thus represent primary targets.
DNA synthesis, in contrast to the apparent gradual inhibition of protein synthesis, was quickly interrupted. A marked decrease in DNA synthesis was seen after only 1 [46] , studying damage induced by paraquat, and Passo & Weiss [11] , reporting oxidative damage by phorbol myristate acetate-stimulated neutrophils, have noted growth of surviving E. coli in 'microcolonies' [11] . Whether the events that impede bacterial division are related to this change in colony size has not been explored.
Identification of subjects deficient in MPO, but clinically well, led some [20, 46] to question the role of the MPO/halide system in bacterial killing in vivo. As discussed by Test & Weiss [5] , several investigators have reported prolonged H202 production in MPO-deficient neutrophils [21] [22] [23] [48] [49] [50] [51] . Our results indicate that amounts of H202 which might accumulate during such prolonged periods are bactericidal (Fig. 2b) . Thus, H202 may substitute for HOCI at a greater metabolic cost [3, 21] . Additionally, other potentially lethal phagocyte products (granular proteins) may have enhanced roles in the bacterial killing by MPO-deficient cells [5, 6] .
Although direct determination of HOCI concentrations in phagocytes has not, so far, been possible, indirect measurements of HOCI (as well as superoxide and H202) production or release have been published by several investigators [1, 5, [8] [9] [10] 52] . From 
